The type and regimen of anesthesia may affect perioperative hyperglycemia following major surgical stress. This study compared the effects of sevoflurane and propofol on the incidence of hyperglycemia and clinical outcomes in diabetic patients undergoing lung surgery. Methods: This retrospective study included 176 patients with type 2 diabetes mellitus who had undergone lung surgery. Blood glucose levels and clinical outcomes from the preoperative period to the first 2 postoperative days (PODs) were retrospectively examined in patients who received sevoflurane (group S, n= 87) and propofol (group P, n=89) for maintenance of general anesthesia. The primary endpoint was the incidence of persistent hyperglycemia (2 consecutive blood glucose levels >180 mg/dL [10.0 mmol/L]) during the perioperative period. The secondary composite endpoint was the incidence of major postoperative complications and 30-day mortality rate after surgery. Results: Blood glucose levels similarly increased from the preoperative period to the second POD in both groups (p=0.857). Although blood glucose levels at 2 hours after surgery were significantly lower in group P than in group S (p=0.022; 95% confidence interval for mean difference, -27.154 to -2.090), there was no difference in the incidence of persistent hyperglycemia during the perioperative period (group S, 70%; group P, 69%; p=0.816). The composite of major postoperative complications and all-cause in-hospital and 30-day mortality rates were also comparable between the two groups. Conclusion: Sevoflurane and propofol were associated with a comparable incidence of perioperative hyperglycemia and clinical outcomes in diabetic patients undergoing lung surgery.
INTRODUCTION
Glucose homeostasis in surgical patients with diabetes mellitus (DM) can be affected by the complex interaction of several factors in the perioperative period. Nutritional deprivation and disruption of usual anti-DM management frequently complicates glycemic control. Surgical stress results in the excessive release of proinflammatory cytokines and a sympathetic activation-related rise in catecholamine, cortisol, glucagon, and growth hormone levels. This elevation in counter-regulatory hormones leads to the elevation of blood glucose levels by facilitating endogenous glucose production and insulin resistance in the liver, and reducing glucose utilization in the skeletal muscle [1] . The development of insulin resistance and impaired insulin signaling during surgery are more pronounced during the early postoperative period, and may persist for days or weeks following surgery [2] .
Acute hyperglycemia is associated with an increased risk for surgical morbidity and mortality in patients undergoing major surgery independent of DM [3] . In particular, persistent hyperglycemia during the perioperative period is associated with a higher postoperative adverse event rate than transient hyperglycemia in patients with DM [3, 4] . Because perioperative hyperglycemia is a potentially reversible cause of poor surgical outcome, anesthesiologists should optimize the management of blood glucose levels to improve perioperative care in these patients.
Generally, the degree of perioperative hyperglycemia is dependent on the preoperative metabolic state of the patient, the stress response evoked by surgical injury, insulin resistance, as well as intraoperative management including medications and fluid [5] . Anesthesia also modulates glycemic response by affecting neuroendocrine surgical response or directly modifying pancreatic insulin release, even in absence of surgical stress [1, 6] . Several studies have indicated that volatile anesthetics exacerbate hyperglycemia by suppressing glucosestimulated insulin secretion, and impairing glucose utilization and clearance [7] [8] [9] [10] . On the other hand, propofol has been reported to promote insulin resistance, but concomitantly increases insulin secretion and preserves glucose utilization in animal models [9] [10] [11] [12] . A few clinical studies have reported that propofol anesthesia resulted in lower blood glucose levels compared with volatile anesthesia during surgery in non-DM patients [13, 14] . However, no studies have examined the effect of volatile anesthetic versus propofol on blood glucose levels throughout the perioperative period, and postoperative outcomes in DM patients undergoing major surgery. Accordingly, in this retrospective study, we compared the effects of sevoflurane and propofol on the incidence of persistent hyperglycemia during the perioperative period, and on postoperative morbidity and mortality in DM patients undergoing open lung surgery.
MATERIALS AND METHODS
This study was approved by the Yeungnam University Hospital Institutional Review Board (YUMC 2015-08-003). Given the retrospective nature of the study and the use of anonymized patient data, requirements for informed written consent were waived. A retrospective chart analysis of adult patients with type 2 DM who underwent general anesthesia for elective open lung surgery using one-lung ventilation (OLV) at a single center between January 2008 and May 2015 was conducted. A review of hospital medical and anesthetic records was performed to delete erroneously entered data and remove patient data with incomplete information. All patients with type 2 DM, who underwent surgery between 08:30 and 09:00 am, were included. Patients with concomitant acute or chronic renal failure requiring dialysis, emergent surgery, combined thoracic and abdominal surgery, thoracoscopic surgery, or requiring postoperative mechanical ventilation were excluded. Patient data were categorized into two groups based on the anesthetic agent used for maintenance of general anesthesia during lung surgery: the sevoflurane group (group S); and the propofol group (group P).
According to institutional protocol, the aim of glucose control management in DM patients undergoing surgery is to maintain glucose levels of 120 to 180 mg/dL (6.7 to 10.0 mmol/L) in the perioperative period. Oral hypoglycemic agent (OHA) medication was continued up until the night before surgery and withheld on the morning of surgery. Long-acting insulin treatment was replaced by intravenous (IV) short-acting insulin and dextrose-containing fluid on the morning of surgery.
Patients were premedicated with an intramuscular injection of glycopyrrolate 0.2 mg 30 minutes before surgery. Anesthesia was induced by IV injection of propofol 1-1.5 mg/kg and continuous infusion of remifentanil at a rate of 0.05-0.1 μg/kg/min. A double-lumen tube was used to facilitate oro-tracheal intubation after administration of IV rocuronium 0.75 mg/kg. Anesthesia was maintained by administration of sevoflurane or propofol, both combined with a continuous infusion of remifentanil at a rate of 0.05-0.1 μg/kg/min. The choice of anesthetic was at the full discretion of the attending anesthesiologists. Anesthetic depth during surgery was maintained in the range of 40-60 according to bispectral index monitoring during surgery. No glucose-containing fluid was administered during anesthesia. Patient-controlled IV analgesia with fentanyl or local infiltration with 0.5% ropivacaine for postoperative pain management was also selected at the discretion of the attending anesthesiologists. The IV opioids were injected when visual analogue pain scale scores exceeded 5. Patients were permitted meals on the morning of postoperative day (POD) 1.
Blood glucose levels were monitored with the following frequency, according to institutional protocol for DM patients undergoing surgery: on the morning before surgery; every 1 or 2 hours during surgery; at 2 hours after surgery; Fig. 1 . Flow chart of the study design. DM, diabetes mellitus; Group P, propofol; Group S, sevoflurane. and every 6 hours thereafter until 2 days after surgery. Perioperative hyperglycemia was defined as 2 consecutive blood glucose levels >180 mg/dL (10.0 mmol/L) during the perioperative period and managed with regular IV insulin. Patients who took OHA medication before surgery were managed with OHA as usual, or IV regular insulin in case of uncontrolled hyperglycemia the day after surgery. Hypoglycemia was defined as blood glucose levels <80 mg/dL (4.4 mmol/L), which are known to be potentially detrimental to brain metabolism [15] . If hypoglycemia developed, treatment consisted of IV administration of 20% dextrose or oral intake of fluids containing glucose. The multiple blood glucose levels measured during PODs 1 and 2 were averaged for each day.
Demographic information, medical history, anesthetic and surgical data, laboratory tests, and postoperative outcomes of the patients were obtained from the medical records. The primary endpoint was the incidence of persistent hyperglycemia from the intraoperative period to POD 2. The secondary endpoints included the composite of major postoperative complications, such as surgical site infection (SSI), myocardial infarction (MI), cerebral infarction, acute respiratory distress syndrome (ARDS), and acute renal failure requiring hemodialysis during admission, and in-hospital and 30-day mortality rates.
Sample size was calculated using G*Power version 3.1.5 (free download, www.ResearchGate.net). It was ascertained that 87 patients were required in each group to detect a 25% intergroup difference in the incidence of persistent hyperglycemia during the perioperative period with an α of 0.05 and a power of 90%. Statistical analysis was performed using IBM SPSS version 22.0 (IBM Co., Armonk, NY, USA). Categorical data are expressed as the number of patients (%) and analyzed using the chi-squared test or Fischer's exact test, as appropriate. Continuous data are expressed as mean±standard deviation (SD) for normally distributed variables and median with interquartile range for non-normally distributed variables, and analyzed using the independent Student's t-test and the Mann-Whitney U test, respectively. The changes in blood glucose levels during the perioperative period between the two groups were compared using repeated measures ANOVA; A p<0.05 was considered to be statistically significant. Renal insufficiency is defined as serum creatinine >2 mg/dL. complete loss of preoperative or intraoperative glucose data (n=7), loss to follow-up (n=3), or hemorrhagic shock (n=2) (Fig. 1) . Consequently, data from 87 patients who received sevoflurane inhalation and 89 who received propofol infusion for maintenance of general anesthesia during surgery were included in the final analysis. Preoperative patient characteristics, medical history, anesthetic and surgical data, and postoperative pain control regimens were comparable between the two groups ( Table 3) . There were no differences in the incidence of hyperglycemia at each time interval between the two groups (Fig. 2) . Persistent hyperglycemia throughout the perioperative period was observed in 62 patients (70%) in group S and 62 patients (69%) in group P (p=0.816). IV insulin use for glycemic control from surgery to POD 2 was also comparable between the two groups ( Table 2 ). Six patients (3.4%) during surgery and five patients (2.8%) after surgery exhibited hypoglycemia (blood glucose level <80 mg/dL [4.4 mmol/L]), without an intergroup difference. However, no patients with hypoglycemia received IV glucose because all blood glucose levels were >70 mg/dL (3.9 mmol/L) and increased >80 mg/dL (4.4 mmol/L) on repeated glucose check. Postoperative outcomes are summarized in Table 4 . There were no differences in the occurrence of SSI, cerebral infarction, MI, ARDS, or renal failure requiring hemodialysis during hospitalization between the two groups. All-cause in-hospital and 30-day mortality rates were also comparable between the two groups.
RESULTS

DISCUSSION
This retrospective study demonstrated that anesthesia using sevoflurane or propofol resulted in a comparable incidence of persistent hyperglycemia during the perioperative period in patients with type 2 DM undergoing major thoracic surgery. Although the mean blood glucose level in the immediate postoperative period was lower after propofol anesthesia, it did not result in improved postoperative outcome or Group S, sevoflurane. Group S, sevoflurane.
short-term mortality compared with sevoflurane anesthesia in these patients.
Previous experimental studies have reported that sevoflurane and propofol induce insulin resistance, even in absence of surgical stress [12, 16, 17] . Under surgical stress, blood glucose levels are markedly increased with sevoflurane anesthesia but are relatively stable with propofol anesthesia [11] . The difference may be attributable to the different effects on adenosine triphosphate-sensitive potassium (KATP) channels in pancreatic β-cells -more specifically, glucose-stimulated insulin secretion is inhibited by sevoflurane [6, 18] , but not propofol [10, 12] . These observations in experimental settings suggest that the choice of general anesthetic agent may affect glycemic management in the perioperative period, which is associated with postoperative morbidity and mortality. Kitamura et al. [14] demonstrated that propofol triggered lower blood glucose levels than sevoflurane during surgery in non-DM patients undergoing different types of surgery. However, becaus e insulin resistance in response to surgical stress is more pronounced in the postoperative period and may persist for several days following surgery [19] , blood glucose level measurement confined to the intraoperative period may be inadequate to demonstrate the superiority of propofol over sevoflurane for glycemic control in surgical patients.
Lung surgery performed during OLV is accompanied by significant stress-induced endocrine response, as demonstrated in other type of major surgery, which may increase blood glucose levels during the perioperative period [20] . Regardless of general anesthetic, glucose levels were comparable during surgery but continually increased after surgery compared with preoperative values in surgical patients. Our results, however, are inconsistent with previous studies that have reported the maintenance of more stable blood glucose levels during propofol anesthesia than volatile anesthesia in surgical patients. Kitamura et al. [14] reported significant differences in blood glucose levels during surgery between sevoflurane and propofol anesthesia in non-DM surgical patients. However, the use of higher fentanyl doses during propofol anesthesia than sevoflurane anesthesia, the existence of various degrees of surgical stimulation, and the lack of anesthetic depth monitoring during surgery, may have obscured the lower glucose levels during propofol anesthesia compared with sevoflurane anesthesia in their retrospective study. Although several prospective studies have also reported lower blood glucose levels during propofol anesthesia versus volatile anesthesia, the clinical benefit of anesthetic choice on perioperative glycemic control remains controversial due to the absence of surgical stimulation [21] , maintenance of euglycemia irrespective of anesthetic, or lack of glucose data from PODs (<72 hours) [17, [25] [26] [27] , which is an important contributor to hyperglycemia-induced complications in surgical patients [24, 25] .
In the present study, sevoflurane and propofol anesthesia induced glycemic responses to major thoracic surgery maintained with comparable remifentanil dose and anesthetic depth. In addition, although glucose levels were significantly lower 2 hours postoperatively in patients with propofol anesthesia versus those with sevoflurane anesthesia, the incidence of perioperative hyperglycemia and clinical outcome were not different. The lack of clinical benefit from the relatively lower blood glucose levels in patients with propofol anesthesia in the immediate postoperative period may be explained by the multifactorial nature of perioperative hyperglycemia. A potential explanation may be that only severe hyperglycemia (glucose levels >180 mg/dL [10.0 mmol/L]) is a risk factor for mortality in DM patients with chronic exposure to increased glucose levels in contrast to non-DM patients [28] . The incidence of perioperative hyperglycemia was documented in more than two-thirds of our patients immediately after lung surgery with both sevoflurane and propofol anesthesia. Therefore, the acute effect of general anesthetics on blood glucose levels may contribute to severe hyperglycemia in DM patients with pre-existing high glucose levels due to major surgical stress.
Hyperglycemia has long been associated with adverse clinical outcomes, including death, caused by its deleterious effects on innate immune defenses. Hyperglycemia increases the risk for infection by impairing leukocyte function, including decreased phagocytosis of bacteria, reduced chemotaxis and generation of reactive oxygen species, and by compromised wound healing due to impaired collagen synthesis, reduced wound tensile strength, and reduced neovascularization [29] . Hyperglycemia also effects multi-organ dysfunction through endothelial dysfunction with decreasing vasodilation, increased vascular permeability, and impaired complement function in tissue injury. Acute perioperative hyperglycemia is associated with adverse clinical outcomes in non-cardiac surgery patients independent of DM [30] . However, no data are available on whether the effect of general anesthetics on blood glucose levels is associated with clinical outcome.
DM patients exhibit an overall higher rate of adverse events than non-DM patients after non-cardiac surgery [31] . However, DM patients with increased tolerance for higher blood glucose levels induce distinctly different implications and consequences of poor glycemic control compared with non-DM patients throughout the perioperative period [3, 27, 28] . While even a modest degree of hyperglycemia is a strong risk factor for superficial SSI, sepsis, and mortality in patients without a history of DM, only severe hyperglycemia is a risk factor for mortality and superficial SSI in patients with confirmed DM [28, 32] . Hence, comparable incidence of severe hyperglycemia, despite different changes in blood glucose levels during the immediate postoperative period, may explain the comparable clinical outcomes in these patients.
There were several limitations to the present study, the first of which was its retrospective design. There may have been missing information on confounding factors affecting blood glucose levels during the perioperative period. Glycated hemoglobin (HbA1c) levels can identify DM patients with poor glycemic control over the previous several months and contribute to 30-day postoperative mortality and prolonged hospital stay [31, 33] . Relative to HbA1c, random blood glucose levels or fasting blood glucose levels on the morning of surgery have limited ability to predict suboptimal control of blood glucose levels during the perioperative period. Although preoperative HbA1c level should be determined in all patients undergoing major surgery and in all elective surgical patients with DM [34] , it was only available for a small proportion of patients in this study. Second, glucose monitoring during the perioperative period was not consistent. Blood glucose levels were determined using an on-site blood gas analyzer for intraoperative arterial samples, and by point-of-care capillary meters using a capillary sample postoperatively. Third, pain scores, which can affect glucose levels by modulating the endocrine stress response, were not included in this study because these data were not available in the medical records. Despite the equal distribution of two different analgesic techniques in our patients, postoperative pain control may contribute significantly to the postoperative glucose response.
In conclusion, both sevoflurane and propofol anesthesia were associated with a comparable incidence of hyperglycemia and clinical outcomes in patients with type 2 DM undergoing lung surgery. Prospective clinical trials are needed to examine the association between the effects of anesthetic agents on glucose metabolism and the clinical consequences in patients at risk for hyperglycemia during the perioperative period.
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